The effect of the tungsten particle shape on the dynamic deformation and fracture behavior of tungsten heavy alloys was investigated. Dynamic torsional tests were conducted using a torsional Kolsky bar for five alloys, one of which was fabricated by the double-cycled sintering process, and then the test data were compared via microstructures, mechanical properties, adiabatic shear banding, and fracture mode. The dynamic torsional test results indicated that in the double-sintered tungsten alloy whose tungsten particles were very coarse and irregularly shaped, cleavage fracture occurred in the central area of the gage section with little shear deformation, whereas shear deformation was concentrated in the central area of the gage section in the other alloys. The deformation and fracture behavior of the double-sintered alloy correlated well with the observation of the impacted penetrator specimen and the in situ fracture test results, i.e., microcrack initiation at coarse tungsten particles and cleavage crack propagation through tungsten particles. These findings suggested that the cleavage fracture mode would be beneficial for the self-sharpening effect, and, thus, the improvement of the penetration performance of the double-sintered tungsten heavy alloy would be expected.
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The effect of the tungsten particle shape on the dynamic deformation and fracture behavior of tungsten heavy alloys was investigated. Dynamic torsional tests were conducted using a torsional Kolsky bar for five alloys, one of which was fabricated by the double-cycled sintering process, and then the test data were compared via microstructures, mechanical properties, adiabatic shear banding, and fracture mode. The dynamic torsional test results indicated that in the double-sintered tungsten alloy whose tungsten particles were very coarse and irregularly shaped, cleavage fracture occurred in the central area of the gage section with little shear deformation, whereas shear deformation was concentrated in the central area of the gage section in the other alloys. The deformation and fracture behavior of the double-sintered alloy correlated well with the observation of the impacted penetrator specimen and the in situ fracture test results, i.e., microcrack initiation at coarse tungsten particles and cleavage crack propagation through tungsten particles. These findings suggested that the cleavage fracture mode would be beneficial for the self-sharpening effect, and, thus, the improvement of the penetration performance of the double-sintered tungsten heavy alloy would be expected.
I. INTRODUCTION
BECAUSE tungsten heavy alloy is mainly used as a penetrator material against an armor plate, studies have focused on the improvement of its penetration performance. Another important material, widely used so far for penetrators, is a depleted uranium (DU). While DU is fabricated by a casting process, tungsten heavy alloy is fabricated by powder metallurgy. The DU alloy has better properties, and its penetration performance is superior to a tungsten alloy by about 10 pct, under the same conditions. However, the use of a DU alloy poses serious problems regarding environmental pollution and health care, as well as hydrogen embrittlement, corrosion, and radioactivity. A tungsten alloy, on the other hand, has high stability and is easy to store. Therefore, many studies have recently been made on ways to improve the penetration performance of the tungsten heavy alloy, so that it can serve as a replacement for the DU alloy.
The superior penetration performance of a DU alloy can be attributed to the distinctive difference in its deformation mode at the time of penetration.
[1] In the case of a tungsten alloy, the penetration performance is hindered by the heavy plastic deformation in the head of a penetrator upon penetration, resulting in a mushrooming effect and an enlargement of the diameter of the overall penetration tunnel. However, with a DU alloy, the diameter of the penetration tunnel gets smaller, and is kept so during penetration, because fracture occurs easily at the edge of the penetrator head. Owing to this ''self-sharpening'' effect, which keeps the diameter unchanged during penetration, the penetration performance can be highly improved.
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Magness and Farrand, [2] the self-sharpening effect can be explained by the formation of adiabatic shear bands arising from the abrupt temperature rise and plastic instability in the process of dynamic deformation. If many adiabatic shear bands can be easily initiated in the penetrator head along which cracks can be propagated, the edge of the penetrator head will easily fall off, and the diameter of the tunnel can be reduced, thereby effectively improving the penetration performance. Lately, there have been many studies on the fabrication process and microstructural control needed to initiate as many adiabatic shear bands in a tungsten heavy alloy as those which occur in a DU alloy, in order to improve its penetration performance.
[3] However, the penetration performance can also be affected by microstructural factors such as the shape and size of tungsten particles; mechanical properties such as hardness, strength, ductility, and fracture toughness; and dynamic properties such as deformation and fracture under dynamic loading. Therefore, a closer analysis of these factors and properties and investigation of their correlation will enable a more precise evaluation of the penetration performance.
In the present study, a W-Ni-Fe tungsten heavy alloy was fabricated with a shape change of the tungsten particles, but without modification of the alloy composition, by applying the double-cycled sintering process, and the alloy was compared with tungsten alloys fabricated by a conventional process. Compared to tungsten alloys fabricated by conventional liquid phase sintering, in the double-sintered tungsten alloy, the particle shape irregularly changes from a spherical shape and the size gets coarsened. The dynamic shear stress-shear strain curves on the alloys were obtained using a torsional Kolsky bar, and the test results were analyzed in association with the microstructure and the dynamic deformation and fracture behavior. In addition, by implementing a high-speed penetration test on the tungsten heavy-alloy penetrators, the deformation behavior occurring when the armor plate was actually penetrated was analytically compared with the deformation behavior observed from the laboratory-scale dynamic torsional test. Through these experiments, this study intends to provide an integrated understanding of the microstructural factors, like tungsten particle shape, and the mechanism involved in the dynamic deformation process. Furthermore, it is hoped that the test results will be used as important experimental data for evaluating the penetration performance of tungsten alloy penetrators.
II. EXPERIMENTAL
A. Fabrication of Tungsten Heavy Alloys
The tungsten heavy alloy used in this study was a 93W-4.9Ni-2.1Fe (wt pct) alloy presently commercialized, and was fabricated through four-step processing, i.e., sintering, heat treatment, swaging, and aging. First of all, after drymixing tungsten powders with an average size of 2.5 m, Ni powders of 3.5 m, and Fe powders, the consolidated billet was fabricated through ball milling under an N 2 atmosphere and through cold isostatic pressing (CIP) under the pressure of 180 MPa to achieve a homogeneous density distribution. The billet then went through the liquid phase sintering for 3 hours at 1493 ЊC under a hydrogen atmosphere, followed by furnace cooling to prevent the porosity arising from the difference in hydrogen gas solubility and to prevent liquid phase contraction during solidification. It was then heat treated in three steps. (1) After the heat treatment for 5 hours at 1150 ЊC, a slightly higher temperature than the intermetallic compound initiation temperature of about 1100 ЊC, it was cooled by water. (2) It was again heat treated at 1180 ЊC for 2 hours and then water cooled. (3) It received a final heat treatment at 1200 ЊC for 1 hour and was water cooled. Through this three-step heat treatment, not only were the hydrogen embrittlement and the interfacial segregation of impurities prevented, but also toughness was significantly improved by reducing the tungsten-tungsten interfacial region.
[4] After the heat treatment, it was roll-swaged in about 18% reduction of area using a four-cam moving punch, and, finally, was aged for 1 hour at 500 ЊC under an N 2 atmosphere to improve strength. Besides fabricating the tungsten alloy through this processing procedure, another tungsten heavy alloy with modifiedshape tungsten particles was also fabricated through a double-cycled sintering process.
At the same time, three commercial tungsten heavy alloys were obtained and compared with those fabricated in this study. For the sake of convenience, the tungsten 93W-4.9Ni-2.1Fe alloy is named the A alloy, the double-cycled sintered alloy is the B alloy, and those fabricated by manufacturers in the Netherlands, United States, and Austria are the C, D, and E alloys, respectively. Table I contains information on these tungsten alloys, showing their respective size, density, and their manufacturer. The A, C, and D alloys were aged, whereas the B and E alloys were treated, up to the swaging process, without being aged.
B. Dynamic Torsional Test
The dynamic torsional test was conducted using the torsional Kolsky bar, an apparatus in which the shear stressshear strain curve can be obtained under the shear strain rate of about 10 3 /s. The torsional Kolsky bar is composed of a torsion bar, dynamic loading system, static loading system, and data acquisition system, as shown in Figure  1(a) . The specimen used in the torsional test has a thin, tubular shape in the gage section (Figure 1(b) ) to reduce variation in stress state in the radial direction. In the dynamic loading system, after a certain level of torque is stored by using a hydraulic device between a clamp and a pulley, it is released momentarily by fracturing the clamp. At this time, the elastic shear wave, of a size of about half of the accumulated torque, is propagated momentarily to the specimen, resulting in a high shear strain rate. This incident wave is first detected at the incident strain gage and then reaches at the specimen, deforming it. The shear strain rate measured in the dynamic torsional test is about 10 3 /s. A full description is presented in References 5 through 8.
The shear stress-shear strain curves were obtained from the dynamic torsional tests on the five tungsten heavy alloys following the previous procedures, and the fractured surface
